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Leptin is an important regulator of appetite and energy expenditure in adulthood, although its

role as a nutritional signal in the control of growth and metabolism before birth is poorly under-

stood. This study investigated the effects of leptin on growth, carbohydrate metabolism and

insulin signalling in fetal sheep. Crown–rump length-measuring devices and vascular catheters

were implanted in 12 sheep fetuses at 105–110 days of gestation (term 145 ± 2 days). The

fetuses were infused I.V. either with saline (0.9% NaCl; n = 6) or recombinant ovine leptin

(0.5–1.0 mg kg−1 day−1; n = 6) for 5 days from 125 to 130 days when they were humanely killed

and tissues collected. Leptin receptor mRNA and protein were expressed in fetal liver, skeletal

muscle and perirenal adipose tissue. Throughout infusion, plasma leptin in the leptin-infused

fetuses was 3- to 5-fold higher than in the saline-infused fetuses, although plasma concentrations

of insulin, glucose, lactate, cortisol, catecholamines and thyroid hormones did not differ

between the groups. Leptin infusion did not affect linear skeletal growth or body, placental and

organ weights in utero. Hepatic glycogen content and activities of the gluconeogenic enzymes

glucose-6-phosphatase and phosphoenolpyruvate carboxykinase in the leptin-infused fetuses

were lower than in the saline-infused fetuses by 44, 48 and 36%, respectively; however, there

were no differences in hepatic glycogen synthase activity or insulin signalling protein levels.

Therefore, before birth, leptin may inhibit endogenous glucose production by the fetal liver

when adipose energy stores and transplacental nutrient delivery are sufficient for the metabolic

needs of the fetus. These actions of leptin in utero may contribute to the development of neonatal

hypoglycaemia in macrosomic babies of diabetic mothers.
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In adult animals, leptin has an important role in
the control of appetite and energy expenditure. It is
primarily secreted by white adipose tissue, and therefore,
acts as an endocrine indicator of energy stores to the
hypothalamus and other tissues in the coordination of
appetite and metabolism with nutrient availability (Ahima
& Flier, 2000; Margetic et al. 2002). Leptin has a variety of
actions both in the long term control of energy balance
and body size and in the short term control of metabolism
and other endocrine responses during fasting (Ahima &
Flier, 2000; Margetic et al. 2002). The role of leptin as a
nutritional signal before birth, however, is less clear when
the fetus normally receives a continuous transplacental

supply of glucose and other nutrients for metabolism and
growth.

Leptin is detected in the fetal circulation of many animal
species, including man and sheep (Jaquet et al. 1998;
Forhead et al. 2002), and the widespread abundance of
leptin receptors in fetal tissues, especially in developing
cartilage and bone, has led to the suggestion that leptin
is involved in the control of growth in accordance with
nutrient availability in utero (Hoggard et al. 1997; Lin et al.
2000; Buchbinder et al. 2001). In human infants at delivery,
umbilical leptin concentration has been correlated with
body weight and length, head circumference, ponderal
index, adiposity and bone mineral content and density
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(Hassink et al. 1997; Varvarigou et al. 1999; Javaid et al.
2005). Furthermore, macrosomic offspring of diabetic
mothers have high blood leptin concentration at delivery
(Persson et al. 1999), although the extent to which leptin
acts, in association with insulin, to promote tissue growth
in these babies is unknown.

In fetal life, leptin may also act as an important
regulator of metabolic pathways, especially in preparation
for the nutritional changes that occur at birth. For
most of gestation and in normal conditions, the fetus
has a sufficient and continuous supply of nutrients
and does not undergo endogenous glucose production
(Hay et al. 1981). At the time of delivery, however,
glycogenolytic and gluconeogenic pathways must be
stimulated to maintain a glucose supply in the immediate
neonatal period, before nutritive suckling is established.
A number of maturational changes occur in the fetal
liver near term, including deposition of glycogen and
activation of gluconeogenic enzymes, which are induced
by the prepartum rise in plasma glucocorticoids (Fowden
et al. 1993). In fetal sheep, plasma leptin concentration
increases close to term and in response to endogenous
and synthetic glucocorticoid treatment (Forhead et al.
2002; O’Connor et al. 2007). Therefore, the rise in plasma
leptin observed in the fetus near term may mediate
some of the maturational effects of glucocorticoids on
hepatic carbohydrate metabolism. Leptin has been shown
to influence carbohydrate metabolism in adult life, often
interacting with insulin signalling pathways (Harris, 2000;
Margetic et al. 2002). In studies on adult tissue, however,
data on the effects of leptin on carbohydrate metabolism
and insulin signalling pathways are conflicting and appear
to depend on the dose and duration of leptin administered,
the tissue type and species investigated and whether the
study was carried out in vitro or in vivo. Furthermore, the
role of leptin as a regulator of carbohydrate metabolism
before birth is unknown.

Therefore, the present study investigated the effects of
leptin on (a) body and organ growth and (b) aspects
of carbohydrate metabolism and tissue insulin signalling
pathways in sheep fetuses during late gestation. This was
achieved by exogenous i.v. infusion of recombinant ovine
leptin to chronically catheterized sheep fetuses for 5 days.
The study hypothesized that increased leptin exposure
in utero would promote growth of the fetus and activate
maturational changes in hepatic glycogen deposition and
gluconeogenic enzyme activity.

Methods

Animals

All surgical and experimental procedures were in
accordance with the UK Animals (Scientific Procedures)
Act 1986 and were approved by the local animal ethics

committee. Twelve Welsh Mountain singleton sheep
fetuses of known gestational age were used in this study.
There were six male and six female fetuses. The ewes
were housed in individual pens, and were maintained on
200 g kg−1 concentrates with free access to hay, water and
a salt-lick block. Food, but not water, was withheld for
18–24 h before surgery.

Surgical procedures

At between 105 and 110 days of pregnancy (term
145 ± 2 days), the ewes were anaesthetized with halothane
(1.5% in O2–N2O) and positive pressure ventilation. Using
techniques previously described, a nylon microfilament
device was implanted subcutaneously in the fetus to
measure crown–rump length (CRL; Fowden et al. 1996),
and intravascular catheters were inserted into the femoral
artery and vein of the fetus and the femoral artery of the ewe
(Comline & Silver, 1972). At the time of surgery, the actual
CRL of the fetus was measured. All catheters, including
that containing the nylon microfilament, were exteriorized
through the flank of the ewe and secured in a plastic bag
sutured to the skin. The vascular catheters were flushed
daily with heparinized saline solution (100 i.u. heparin (ml
0.9% saline (w/v))−1) from the day after surgery. At
surgery, all fetuses were administered 100 mg ampicillin
i.v. (Penbritin, Beecham Animal Health, Brentford, UK)
and 2 mg gentamycin i.v. (Frangen-100, Biovet, Mullingar,
Ireland). The ewes were given antibiotics i.m. (procaine
penicillin, Depocillin, Mycofarm, Cambridge, UK) on the
day of surgery and for 3 days thereafter.

Experimental procedures

From the day after surgery to the end of the study,
increments in CRL were measured daily. The fetuses were
divided into two groups with three male and three female
fetuses in each group. Starting between 122 and 126 days
of gestation (mean 125 days), one group was infused i.v.

with saline (0.9% NaCl, n = 6) while the other received
recombinant ovine leptin (0.5–1.0 mg kg−1 day−1; n = 6;
Protein Laboratories Rehovot, Israel; Gertler et al. 1998)
for 5 days. Both treatments were administered at a rate of
3 ml day−1 using portable infusion pumps. Arterial blood
from the fetus and ewe (2–3 ml) was collected daily from
2 days before and throughout infusion.

On the fifth day of infusion (mean 130 days of gestation),
the fetuses were delivered by Caesarean section under
maternal general anaesthesia (20 mg kg−1 sodium pento-
barbitone i.v.). After administration of a lethal dose of
barbiturate (200 mg kg−1 sodium pentobarbitone) to the
ewe and fetus, the fetus was weighed and the integrity
of the CRL-measuring device was checked. In all fetuses,
actual CRL, body weight, and fore and hind limb lengths,
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were measured, and a number of tissues including the
placenta were collected and weighed. Samples of liver,
perirenal adipose tissue (PAT) and skeletal muscle from
the hind limb of the fetus were either immediately fixed
in 4% paraformaldehyde or frozen in liquid nitrogen and
stored at −80◦C until analysis.

Biochemical analyses

Blood analyses. All arterial blood samples were analysed
immediately for pH and the partial pressure of
oxygen (Pa,O2

) and carbon dioxide (Pa,CO2
) using

an ABL330 Radiometer analyser corrected for fetal
body temperature, and for haemoglobin content and
O2 saturation using an OSM2 Hemoximeter (Radio-
meter, Copenhagen, Denmark). Blood O2 content (mm)
was calculated as haemoglobin content (g dl−1) × O2

saturation (%) × 0.00062, assuming the insignificance
of O2 dissolved in plasma. Blood glucose and lactate
concentrations were measured using an autoanalyser
(2300 Statplus, Yellow Springs, USA).

After blood gas and metabolite analysis, the samples
were placed into EDTA-containing tubes and centrifuged
for 5 min at 1000 g and 4◦C. The plasma aliquots
were stored at −20◦C until analysis. Plasma leptin
concentration was measured by radioimmunoassay using
ovine leptin standards as previously described (Blache
et al. 2000); the lower limit of detection was 0.09 ng ml−1

and the interassay coefficient of variation was 5%. Total
plasma cortisol concentration was measured by radio-
immunoassay (Robinson et al. 1983) where the lower
limit of detection was 1.0–1.5 ng ml−1 and the interassay
coefficient of variation was 12%. Total plasma T3 and T4

concentrations were also measured by radioimmunoassay
using a commercial kit (Fowden & Silver, 1995; ICN
Biomedicals, Thame, UK). The lower limits of detection
were 0.07 ng ml−1 for T3 and 7.6 ng ml−1 for T4, and
the interassay coefficients of variation were 10% for
both assays. All radioimmunoassays were validated for
use with ovine plasma. Plasma insulin concentration
was measured by ELISA (Mercodia, Uppsala, Sweden)
using ovine insulin as standards. The lower limit of
detection was 0.05 ng ml−1, and the interassay coefficient
of variation was 11%. Plasma catecholamine (adrenaline
and noradrenaline) concentrations were measured by
ELISA (Biosource Europe, Nivelles, Belgium) where all
samples were measured within one assay; the lower limits
of detection were 5 pg ml−1 and 20 pg ml−1 for adrenaline
and noradrenaline, respectively.

Tissue analyses. Gene and protein expression of the
leptin receptor were localized in two samples of fetal
liver, PAT and skeletal muscle from all animals using in
situ hybridization and immunohistochemical methods as
previously described (O’Connor et al. 2007).

Oligonucleotide probes to all forms of ovine leptin
receptor were commercially synthesized (Sigma-Genosys,
UK); the antisense and sense probes were 5′-GTT
ATG TCT GTG CTC TCA GCC TCA GAG AAC
TCA GCC TGC ACT GGT C-3′ and 5′-GAC CAG
TGC AGC AGT GCT GAG TTC TCT GAG GCT
GAG AGG CAC AGA CAT AAC-3′, respectively
(GenBank accession number U63719). A rabbit
polyclonal antibody against the long form of the human
leptin receptor (Linco Research, USA) was used at a
dilution of 1 : 100.

Glycogen content in fetal liver and skeletal muscle,
and hepatic activities of the gluconeogenic enzymes
glucose-6-phosphatase (G6Pase) and phospho-
enolpyruvate carboxykinase (PEPCK) were measured
using biochemical methods previously described (Fowden
et al. 1993; Franko et al. 2007). Hepatic glycogen synthase
(GS) was measured as the rate of incorporation of
3H-uridine diphosphate glucose (UDPG) into glycogen
using a method adapted from Thomas et al. (1968).
Tissues were homogenized in an extraction buffer
at pH 7.5 containing 10 mm Tris, 150 mm potassium
fluoride, 15 mm EDTA, 600 mm sucrose, 50 mm

mercaptoethanol, 1 mm phenylmethanesulphonyl
fluoride, 1 mm benzamidine and 3.5 μg ml−1 leupeptin,
and were centrifuged at 600 g for 10 min. The super-
natants were incubated with an assay mixture at
pH 7.8 containing 50 mm Tris, 20 mm EDTA, 25 mm

potassium fluoride, 1% glycogen, 6.5 mm UDPG and
6 μCi ml−1 3H-UDPG, with or without 10 mm glucose-6-
phosphate to determine total and active GS activity,
respectively. Samples were incubated at 12.5 mg ml−1

for 15 min (total GS) or 300 mg ml−1 for 30 min (active
GS) with assay mixture at 37◦C. After incubation, the
samples were added to 4 cm2 pieces of filter paper and
washed in ice-cold 66% ethanol for 2 h. The filter papers
were air-dried and the radioactivity was determined
using a β-counter (1216 Rackbeta, LKB Wallac, Turku,
Finland). Hepatic GS activity was expressed as nanomoles
of UDPG converted to glycogen per minute per milligram
of protein, where tissue protein was measured by the
Lowry method (Lowry et al. 1951).

Protein levels of the insulin receptor β-subunit
(IRβ), insulin-like growth factor I receptor (IGFIR),
phosphatidylinositol-3-kinase (PI3K) p85 subunit and
phosphokinase C zeta (PKCζ ) were determined in samples
of fetal liver, skeletal muscle and PAT by Western blot using
equal amounts of total protein as previously described
(Ozanne et al. 1997). In addition, protein levels of
glucose transporter 4 (GLUT4) in skeletal muscle and
PAT, and PI3K p110β subunit in liver and PAT, were
measured using the same method. In samples of skeletal
muscle, protein levels of p-mTOR (mammalian target
of rapamyosin), p-S6 kinase, ubiquitin and calpastatin
were also determined by Western blot and normalized
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using β-actin as previously described (Zhu et al. 2004).
Polyclonal antibodies to IRβ, IGFIR, p110β and PKCζ

were obtained from Santa Cruz Biotechnology (Santa
Cruz, USA), to p85 from Upstate Biotechology (Millipore,
Billerica, USA), to p-mTOR, p-S6 kinase and ubiquitin
from Cell Signalling Technology (Danvers, USA), and
to calpastatin from Abcam (Cambridge, UK). In each
fetus, mean myofibre diameter was determined from
measurements made in 100 fibres as previously described
(Zhu et al. 2006).

Statistical analyses

All data are presented as mean values ± s.e.m. Data
obtained from the two groups of fetuses on each day of the
study were compared by two-way ANOVA with repeated
measures followed by Tukey’s test. Data obtained from the
two groups on the day of surgery, or on the fifth day of
infusion, were compared by unpaired t test. Differences
where P was < 0.05 were regarded as significant.
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Figure 1
Mean (± S.E.M.) plasma leptin concentration in fetuses (A) and ewes
(B) before and during an I.V. infusion of saline (n = 6) or leptin (n = 6)
to the fetus for 5 days. ∗Significant difference from pre-infusion
baseline, P < 0.05. †Significant difference from saline-infused fetuses
on the same day, P < 0.05.

Results

Circulating hormone and metabolite concentrations

In the two groups of fetuses, there was no significant
difference in any of the circulating parameters measured
before the infusion of either saline or leptin (Fig. 1 and
Table 1). An i.v. infusion of recombinant ovine leptin to
the sheep fetus for 5 days caused a significant increase
in leptin concentration in the fetal, but not maternal,
circulation (Fig. 1). Compared to the pre-treatment
baseline, a significant rise in plasma leptin was observed
on all days of the infusion in the leptin-treated fetuses
(Fig. 1A). Furthermore, within 24 h of the start of the
infusion and on each day thereafter, plasma leptin
concentration in the leptin-infused fetuses was 3- to 5-fold
higher than in those infused with saline (3.32 ± 0.23 versus
0.77 ± 0.09 ng ml−1 on day 5, P < 0.05, Fig. 1A). There was
no significant effect of fetal leptin infusion on plasma leptin
concentration in the ewe (Fig. 1B).

Exogenous leptin infusion for 5 days had no significant
effect on blood pH, haemoglobin content, partial
pressures of oxygen and carbon dioxide, or oxygen
saturation and content in the fetuses (Table 1). Plasma
concentrations of glucose, lactate, insulin, cortisol, thyroid
hormones (T3 and T4) and catecholamines (adrenaline
and noradrenaline) also remained unchanged throughout
the infusion of leptin (data obtained pre-infusion and on
day 5 are shown in Table 1).

Fetal growth

Actual CRL at the time of surgery for insertion of the
growth-measuring device was similar between the two
groups of fetuses (saline, 33.3 ± 0.6 cm versus leptin,
35.1 ± 0.9 cm). Over the whole period of the study,
there was no significant difference in the rate of CRL
increment between the saline and leptin-infused fetuses
(Fig. 2). The mean daily rate of growth from 108
to 112 days of gestation, 14 days before the start of
the infusion, to tissue collection at 127–130 days of
gestation was similar in both groups of fetuses (saline,
4.62 ± 0.31 versus leptin, 4.30 ± 0.35 mm day−1, Fig. 2).
Furthermore, no significant differences in mean daily
CRL increment were observed between the saline and
leptin-infused fetuses before (saline, 4.89 ± 0.41 versus
leptin, 4.37 ± 0.48 mm day−1) or during the infusion
(saline, 3.80 ± 0.21 versus leptin, 4.10 ± 0.43 mm day−1,
Fig. 2). Within each treatment group, the mean rates
of daily CRL increment were not significantly different
between the pre-infusion and infusion periods.

On the fifth day of infusion, there were no significant
differences in fetal body weight, placental weight, the
ratio of fetal to placental weights, CRL, limb lengths, or
absolute and relative organ weights between the saline and
leptin-treated fetuses (Table 2).
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Table 1. Mean (± S.E.M.) levels of circulating hormone, metabolite and gas variables in the saline and
leptin-infused fetuses before (pre-infusion: mean values for days −1 and 0) and on the fifth day of
infusion (day 5)

Saline (n = 6) Leptin (n = 6)

Pre-infusion Day 5 Pre-infusion Day 5

Blood pH 7.37 ± 0.01 7.37 ± 0.01 7.36 ± 0.01 7.36 ± 0.01
Blood PO2 (mmHg) 20.0 ± 0.2 19.7 ± 0.7 18.5 ± 1.1 18.8 ± 0.7
Blood PCO2 (mmHg) 52.0 ± 2.0 52.8 ± 1.7 55.7 ± 0.8 55.3 ± 0.9
Blood O2 saturation (%) 60.0 ± 2.7 53.2 ± 3.7 54.2 ± 3.7 52.6 ± 1.0
Blood haemoglobin (g dl−1) 10.1 ± 0.4 10.1 ± 0.8 10.5 ± 0.2 10.6 ± 0.3
Blood O2 content (mM) 3.75 ± 0.12 3.28 ± 0.10 3.53 ± 0.25 3.46 ± 0.09

Plasma glucose (mM) 0.69 ± 0.07 0.66 ± 0.08 0.71 ± 0.06 0.60 ± 0.07
Plasma lactate (mM) 1.30 ± 0.12 1.36 ± 0.12 1.49 ± 0.10 1.37 ± 0.06

Plasma insulin (ng ml−1) 0.19 ± 0.02 0.19 ± 0.01 0.26 ± 0.03 0.17 ± 0.03
Plasma cortisol (ng ml−1) 9.2 ± 2.7 11.9 ± 2.8 11.8 ± 2.6 11.6 ± 3.6
Plasma T3 (ng ml−1) 0.19 ± 0.02 0.19 ± 0.03 0.15 ± 0.03 0.16 ± 0.02
Plasma T4 (ng ml−1) 88.2 ± 7.2 89.7 ± 8.7 92.1 ± 11.5 95.3 ± 8.9
Plasma adrenaline (pg ml−1) 62.7 ± 15.4 89.8 ± 10.8 67.1 ± 6.6 94.6 ± 23.6
Plasma noradrenaline (pg ml−1) 712 ± 126 623 ± 119 1065 ± 271 939 ± 176

Localization of leptin receptor protein mRNA
and protein

At 130 days of gestation, mRNA and protein of the leptin
receptor were expressed in fetal liver, skeletal muscle and
PAT (Fig. 3). For each tissue type, similar patterns of leptin
receptor mRNA and protein expression were observed in
samples from all animals.

Tissue carbohydrate metabolism

On the fifth day of infusion, hepatic glycogen content
in the leptin-infused fetuses was significantly lower

0

10

20

30

40

50

60

70

80

90

100

leptin

saline

-14 -12 -8-10 -6 -4 0-2 1 2 3 4 5

C
u

m
u

la
ti
v
e

 C
R

L
 (

m
m

)

Day of study

Figure 2
Mean (± S.E.M.) cumulative crown–rump length (CRL) in saline and leptin-infused fetuses (n = 6 in each group)
from the day after insertion of the CRL-measuring device to the fifth day of infusion. The period of infusion is
indicated by the bar.

than in the fetuses infused with saline (P < 0.05,
Fig. 4). The 44% decrement in hepatic glycogen content
observed in the leptin-treated fetuses was associated
with significantly lower activities of the gluconeogenic
enzymes, G6Pase (by 48%) and PEPCK (by 36%,
P < 0.05 in both cases, Fig. 4). However, in the livers
of the two groups of fetuses, there were no significant
differences in total GS activity (saline, 15.7 ± 2.2 versus
leptin, 12.7 ± 1.1 nmol UDPG min−1 (mg protein)−1),
active GS activity (saline, 0.56 ± 0.10 versus leptin,
0.48 ± 0.05 nmol UDPG min−1 (mg protein)−1) or active
GS as a percentage of total GS (saline, 3.71 ± 0.47 versus
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Table 2. Mean (± S.E.M.) fetal body and placental weights,
fetal : placental weight ratio, crown–rump and limb lengths, and
tissue weights, in the saline and leptin-infused fetuses on the
fifth day of infusion

Saline (n = 6) Leptin (n = 6)

Fetal body weight (FBW, g) 2533 ± 137 2680 ± 151
Placental weight (PW, g) 266.8 ± 26.4 298.5 ± 21.9
FBW : PW ratio 9.90 ± 0.96 9.05 ± 0.23

Crown–rump (cm) 42.3 ± 0.7 43.2 ± 0.9
Lower fore limb (cm) 12.7 ± 0.2 12.5 ± 0.4
Middle fore limb (cm) 10.8 ± 0.3 10.3 ± 0.3
Upper fore limb (cm) 9.1 ± 0.2 8.8 ± 0.4
Lower hind limb (cm) 15.5 ± 0.4 15.3 ± 0.2
Middle hind limb (cm) 13.5 ± 0.3 13.3 ± 0.5
Upper hind limb (cm) 11.2 ± 0.3 10.6 ± 0.4

Liver (g) 62.0 ± 6.5 75.9 ± 7.7
(%)a 2.43 ± 0.15 2.81 ± 0.18

PAT (g) 9.3 ± 0.9 10.1 ± 0.9
(%) 0.37 ± 0.05 0.38 ± 0.04

Heart (g) 14.0 ± 0.9 15.7 ± 2.1
(%) 0.56 ± 0.04 0.57 ± 0.05

Lungs (g) 72.4 ± 3.1 63.2 ± 4.1
(%) 2.90 ± 0.19 2.38 ± 0.17

Kidneys (g) 17.8 ± 1.1 18.3 ± 1.2
(%) 0.70 ± 0.03 0.67 ± 0.04

Brain (g) 36.9 ± 1.7 36.1 ± 1.3
(%) 1.49 ± 0.05 1.35 ± 0.04

Pancreas (g) 2.25 ± 0.12 2.48 ± 0.15
(% × 102) 8.97 ± 0.58 9.29 ± 0.31

Adrenal (mg) 234 ± 23 252 ± 21
(% × 103) 9.30 ± 0.87 9.11 ± 0.50

PAT, perirenal adipose tissue. aTissue weights are expressed both
as absolute weight and weight relative to fetal body weight (%).

leptin, 3.76 ± 0.26%). On the fifth day of infusion, hepatic
protein levels of IRβ, IGFIR, p85, p110β and PKCζ were
similar between the two groups of infused fetuses (Fig. 5).

In skeletal muscle, there were no significant effects of
leptin infusion on glycogen content (saline, 50.56 ± 3.21
versus leptin, 45.78 ± 3.47 mg g−1) or the protein
levels of IRβ, IGFIR, p85, PKCζ , GLUT4, p-mTOR,
p-S6 kinase, ubiquitin or calpastatin (Figs 5 and 6).
Mean myofibre diameter did not differ between the
saline and leptin-infused fetuses (10.32 ± 0.83 versus
10.63 ± 0.52 μm).

In PAT, a significant 30% increase in IGFIR (P < 0.05),
and a significant 26% decrease in PKCζ (P < 0.005), were
observed in the leptin-infused fetuses compared to those
treated with saline (Fig. 5). Leptin infusion had no effect
on protein levels of IRβ, p85, p110β or GLUT4 in PAT
(Fig. 5).

Discussion

The findings of the present study do not support the
hypotheses that leptin stimulates fetal growth or mediates

the developmental and glucocorticoid-dependent
activation of glycogen storage and gluconeogenic enzyme
activity in the fetal liver. However, this is the first study
to demonstrate that leptin has actions on carbohydrate
metabolism in utero. Administration of recombinant
ovine leptin to sheep fetuses caused reductions in hepatic
glycogen content and gluconeogenic enzyme activities.
These findings suggest that leptin may have a role in
suppression of hepatic glucose production in normal
conditions when the fetus has adequate energy stores and
the transplacental nutrient supply is sufficient to meet its
energy requirements.

Leptin and fetal growth

In the present study, leptin infusion over 5 days had no
effect on the rate of linear skeletal growth, or body, organ
(absolute and relative) and placental weights, in sheep
fetuses at 0.85–0.90 of gestation. These findings agree
with previous studies in fetal sheep where elevation of
plasma leptin concentration by 4- to 5-fold, by an i.v.

leptin infusion for 4 days, had no effect on CRL, body or
relative organ weights at 140 days of gestation (Yuen et al.
2003). Furthermore, clinical and experimental studies have
reported that human and murine neonates with genetic
leptin deficiency are morphologically normal (Montague
et al. 1997; Mounzih et al. 1998). In the hind limb
skeletal muscle of fetal sheep, leptin had no influence on
myofibre diameter or on signalling proteins involved in the
control of protein anabolism (p-mTOR and p-S6 kinase)
or catabolism (calpastatin and ubiquitin). In ob/ob mice,
however, a reduction in brain weight and abnormalities
in neuronal proteins have been observed at 4 weeks of
postnatal life which can be normalized by subsequent
leptin replacement (Ahima et al. 1999). The extent to which
leptin regulates brain development in species where this
largely occurs before birth remains to be established.

In other animal species, leptin derived from the placenta
may be an important regulator of placental and, hence,
fetal growth. Leptin is synthesized by the human and
rodent placenta and is transported across placental cell
layers (Hoggard et al. 1997; Masuzaki et al. 1997; Smith
& Waddell, 2003; Wyrwoll et al. 2005). Placental leptin
concentration is elevated in pregnant mice heterozygous
for a mutation in the leptin receptor, and this is associated
with an increase in both placental and fetal weights at term
(Yamashita et al. 2001). Leptin has also been shown to
stimulate activity of the amino acid transporter system A in
human placental villous cells in vitro (Jansson et al. 2003).
Placental expression of leptin mRNA in the sheep, however,
is low during late gestation (Thomas et al. 2001; O’Connor
et al. 2007). Receptors for leptin are present in the ovine
placenta (Thomas et al. 2001), but the effects of leptin
on materno-fetal transfer, and consumption, of nutrients
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Figure 3
Localization of leptin receptor mRNA and protein in fetal PAT, liver and skeletal muscle from a saline-infused fetus
at 130 days of gestation. A–C, leptin receptor mRNA localization in fetal PAT, liver and skeletal muscle, respectively;
D–F, control hybridization with sense probes in fetal PAT, liver and skeletal muscle, respectively; G–I, leptin receptor
protein localization in fetal PAT, liver and skeletal muscle, respectively; J–L, negative control for leptin receptor
protein in fetal PAT, liver and skeletal muscle, respectively. Scale bars indicate 50 μm.

by the placenta are unknown in this species. Leptin may
therefore alter the quantity and relative proportion of
specific nutrients supplied to the fetus by the placenta but,
in the short term, this appears to have little effect on the
overall growth of the sheep fetus or its major organs. More
detailed analyses of tissue structure and function at the
cellular and molecular levels are required to determine
fully the role of leptin in feto-placental development.
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Figure 4
Mean (± S.E.M.) glycogen content, and G6Pase and
PEPCK activities, in liver from sheep fetuses on the fifth
day of either saline (n = 6) or leptin (n = 6) infusion.
∗Significant difference from saline-infused fetuses,
P < 0.05.

Leptin and carbohydrate metabolism in utero

The findings that leptin reduced glycogen content, and the
activities of G6Pase and PEPCK, in ovine fetal liver are
consistent with previous studies in adult rodents. Hepatic
glycogen stores are augmented in leptin-deficient ob/ob
mice, and depleted in transgenic skinny mice with over-
expression of leptin, and in wild-type mice after central or
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peripheral treatment with leptin (Kamohara et al. 1997;
Ogawa et al. 1999; Turner et al. 2005). Furthermore,
leptin suppresses PEPCK activity and gluconeogenesis in
perfused liver and cultured hepatocytes from adult rats
(Ceddia et al. 1999; Anderwald et al. 2002). In contrast,
central and peripheral leptin administration has been
shown to up-regulate hepatic G6Pase and PEPCK mRNA
abundance and to cause an increase in the gluconeogenic,
and a decrease in the glycogenolytic, contribution to
hepatic glucose production in adult rats (Liu et al. 1998). In
addition, leptin increases PEPCK gene expression in adult
human hepatocytes in vitro (Cohen et al. 1996).

Overall, the inhibitory effects of leptin on hepatic
glycogenic and gluconeogenic pathways observed in the
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present study are in opposition to the stimulatory
actions of glucocorticoids. Leptin is therefore
unlikely to be responsible for the developmental
and glucocorticoid-induced maturation of carbohydrate
metabolism in the fetal liver near term. Preliminary
evidence, however, suggests that gene expression of the
leptin receptor in ovine fetal liver decreases near term
and in response to cortisol treatment (A. J. Forhead, D M.
O’Connor & A. L. Fowden, unpublished data). Therefore,
glucocorticoids may reduce the inhibitory effects of leptin
on hepatic carbohydrate metabolism by decreasing tissue
sensitivity to leptin near term.

The mechanisms by which leptin acts to alter hepatic
glucogenic capacity in utero are unclear and may be
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complex. Leptin may influence fetal hepatocytes directly
as the presence of leptin receptor mRNA and protein
in liver, skeletal muscle and PAT suggests that these
tissues are responsive to leptin during late gestation.
Suppression of hepatic glycogen content by leptin is likely
to occur secondary to the reduction in the activities
of the gluconeogenic enzymes, G6Pase and PEPCK, as
glycogen deposition in the ovine liver depends primarily
on gluconeogenesis both before and after birth (Levitsky
et al. 1988). Alternatively, leptin may act indirectly
via the autonomic nervous system and/or other endo-
crine pathways involved in glucoregulation. Previous
studies in adult animals have demonstrated that there
are interactions between leptin and the PI3K intra-
cellular signalling pathway activated by insulin (Hegyi
et al. 2004; Fruhbeck, 2006). Indeed, the inhibitory
actions of leptin on gluconeogenic enzyme activity in the
ovine fetal liver resemble those observed previously in
response to insulin in fetuses of other species (McCormick
et al. 1979; Porterfield, 1979). However, in the present
study, leptin infusion did not appear to influence the
circulating concentration of insulin or the protein levels
of the insulin signalling molecules in the fetal liver. Nor
did it affect the circulating concentrations of any of
the other glucoregulatory hormones measured in this
study. Furthermore, intracerebroventricular infusion of
recombinant ovine leptin over 5 days in sheep fetuses,
which caused a 3-fold increase in plasma leptin, had
no effect on the insulin response to a glucose challenge
near term (Howe et al. 2002). Taken together, present
and previous findings provide little evidence for leptin
action via changes in the circulating concentrations of
other glucoregulatory hormones. However, there may be
changes in the metabolism and/or receptor abundance of
these hormones at the cellular level that may account for
the actions of leptin on hepatocytes in utero and which
remain to be determined.

Clinical implications

The findings of the present study may have significance for
the understanding and management of the macrosomic
offspring of diabetic mothers. In pregnant women with
type 1 or gestational diabetes, poor glucose control leads to
hyperinsulinaemia and excessive adipose tissue deposition
in the fetus. Offspring of diabetic mothers are at risk
of neonatal hypoglycaemia that may be due, in part, to
immaturity in hepatic glycogen storage and gluconeogenic
enzyme activity at birth. The present results suggest that
this may be a consequence of hyperleptinaemia, as well
as hyperinsulinaemia, in these babies. Indeed, umbilical
leptin concentration in offspring of diabetic mothers is 3-
to 4-fold greater than in normal babies (Persson et al. 1999)
which is similar to the magnitude of hyperleptinaemia
induced experimentally in the present study. Clinically,

hyperleptinaemia may arise from insulin-induced leptin
synthesis within adipocytes as well as from an overall
growth of adipose tissue. Furthermore, although no
significant change in PAT mass was observed in response
to leptin in the present study, up-regulation of IGFIR gene
expression in PAT of the leptin-infused sheep fetuses may
be one mechanism that contributes to the growth of fetal
adipose tissue in human diabetic pregnancy. Indeed, in
fetal sheep, leptin infusion causes a shift in the relative
proportions of unilocular and multilocular PAT (Yuen
et al. 2003). Further studies are required to determine the
extent to which chronic exposure to leptin is responsible
for some of the metabolic and growth-promoting actions
of insulin in the fetuses of diabetic mothers.

In summary, the findings of the present study do not
support the hypothesis that leptin is a growth-promoting
hormone in utero, at least not during the latter stage of
gestation or at the circulating concentrations investigated.
Leptin may, however, act as an endocrine signal of
adipose tissue mass to other physiological systems in
fetal, as in adult, life. In normal conditions, leptin
may be responsible partly for inhibition of endogenous
glucose production in utero when adipose energy stores
are increasing towards term and transplacental nutrient
delivery is sufficient to meet the energy requirements
of the fetus. In addition, since leptin concentration in
the fetus varies in response to a range of endocrine and
metabolic stimuli (Buchbinder et al. 2001; Devaskar et al.
2002; Ducsay et al. 2006; O’Connor et al. 2007), it may
also act as a signal of changing nutrient availability more
generally, particularly in the control of fetal glucogenic
capacity during late gestation. During hyperleptinaemia,
however, these actions may become detrimental at
birth if glycogenolytic and gluconeogenic capacities are
impaired, and may, in turn, contribute to the neonatal
hypoglycaemia observed in macrosomic babies of diabetic
mothers.
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